A model of growth and substrate utilization for ferrous-iron-oxidizing bacteria attached to the disks of a rotating biological contactor was developed and tested. The model describes attached bacterial growth as a saturation function in which the rate of substrate utilization is determined by a maximum substrate oxidation rate constant (P), a half-saturation constant (Ks), and the concentration of substrate within the rotating biological contactor (Si). The maximum oxidation rate constant was proportional to flow rate, and the substrate concentration in the reactor varied with influent substrate concentration (SO). The model allowed the prediction of metabolic constants and included terms for both constant and growth-rate-dependent maintenance energies. Estimates for metabolic constants of the attached population of acidophilic, chemolithotrophic, iron-oxidizing bacteria limited by ferrous iron were: maximum specific growth rate (L.max), 1.14 h-1; half-saturation constant (K5) for ferrous iron, 54.9 mg/liter; constant maintenance energy coefficient (ml), 0.154 h-1; growth-ratedependent maintenance energy coefficient (m'), 0.07 h-1; maximum yield (Yg), 0.063 mg of organic nitrogen per mg of Fe(II) oxidized.
Knowledge of the activities of natural, sessile microbial populations, i.e., cells concentrated at surfaces ranging in form from rigid, physically immovable planes to interfaces between immiscible phases of matters, is important to an understanding of the microbial ecology of aquatic and soil environments (24) . Fixed-film bacterial ferrous [Fe(II)] iron oxidation has been studied in natural and synthetic acidic mine drainages by using the rotating biological contactor (RBC) (11, 15, 16, 29) and packed bed columns (27) . The RBC is a wastewater treatment device consisting of a series of plastic disks which are mounted on a horizontal shaft and suspended in a trough through which wastewater flows. Intermittent contact occurs between the rotating disks and the wastewater and atmosphere. The rotary action mixes the trough contents and produces constant hydraulic shear of the film formed on disk surfaces by active microorganisms adsorbed from the wastewater.
Laboratory-scale RBC units have been used under controlled conditions to investigate the effects of temperature (27) , pH (27) , and flow rate (29) on the efficiency of Fe(II) oxidation in synthetic drainage. The results of performance studies with pilot-scale RBC units receiving natural mine waters suggest first-order Fe(II) oxidation rates for Fe(II) concentrations at various hydraulic loading values and disk rotational velocities (15) . Mathematical models describing growth kinetics in continuous-flow systems have been developd for fixed-film processes in both fundamental and applied terms (5, 13, 17, 20, 21) . The primary objective of this research was to determine the factors that govern growth and substrate utilization for an attached population of iron-oxidizing bacteria that have been provided a continuous supply of ferrous iron as an energy source.
MATERIALS AND METHODS Apparatus. A pair of identical laboratory-scale RBC units were constructed and operated in parallel at four flow rates and two influent Fe(II) concentrations. The RBC trough and disks were made of 0.32-cm-thick acrylic plastic. Each unit was divided into two equal stages, and each stage contained three 10-cm-diameter smooth, flat disks mounted on a 1.9-cm-diameter polyvinyl chloride shaft. The disks were partially submerged in synthetic mine water and rotated at a uniform peripheral disk velocity of 19 m/min (57 rpm) controlled by a gear-reduced electric motor. Each stage ofthe RBC unit was 7.5 cm long, 12 .5 cm wide, and 6.2 cm deep with a free board of 3.0 cm and an effective volume of 0.3 liter. Approximately 85% of the total disk area was submerged during one revolution, and the effective wetted surface area was 425 cm2 per stage.
Unit performance was studied initially by using an influent containing 100 mg of Fe(II) per liter delivered at consecutively increased flow rates of 0.5, 0.9, 1.5, and 2.1 liters/h. A second series of experiments involved an influent Fe(II) concentration of 500 mg/liter and the flow rates stated above.
Influent synthetic mine water was formulated en route to the RBC units by the (15, 28, 29) .
In a given experimental run, data that were obviously not representative of equilibrium conditions [i.e., Fe(II) oxidation efficiency <70%] were deleted from the data set. Equilibrium operating conditions were considered attained when Fe(II) iron oxidation efficiencies varied no more than 2% for 7 consecutive days. Ten observations at apparent equilibrium were selected from each experimental run to create a balanced data set. For each experimental condition, mean influent and effluent Fe(II) concentrations, flow rate, and efficiency [percent influent that was Fe(II) oxidized] were determined. Observations associated with RBC influent Fe(II) concentrations or flows greater or less than one standard deviation of the mean were eliminated. Fe(II) oxidation efficiency was used as the final criterion for inclusion in the data set. Those observations for which the efficiency was beyond one standard deviation of the mean were eliminated, and new mean and standard deviations were calculated for the remaining observations. This process was iterated until a data set of 10 values was obtained, representing the equilibrium operating conditions defined above. Data are believed to represent periods when Fe(II) oxidation efficiency was maximum and relatively unchanging for a sustained period.
Disk solids were sampled three times under equilibrium conditions for each experimental run. Organic nitrogen as N and ammonia nitrogen (NH3 N), total filterable phosphorus (P04 P), and dissolved oxygen of the influent synthetic mine water and RBC stage 1 and 2 effluents were determined (28, 29) at the time of disk solids sampling. Disk solids were analyzed for organic nitrogen and most probable number of iron-oxidizing bacteria (29) . In addition, viable heterotrophic bacterial densities of the solids were estimated by an agarose-citric acid plating method developed for isolating acid mine water heterotrophic bacteria (30) . Plastic tabs (4 cm2) affixed to the disks before unit start-up were removed at the time of solids sampling. Immediately after removal, the tabs were placed in sterile 250-ml sample cups partially filled (50 ml) with distilled water (pH 3.0) acidified with 0.1 N H2SO4. The The relationship between flow rate, oxidation rate, and influent Fe(II) concentration can be best discerned when the stage 2 operating data are eliminated from the data set. Stage 2 influent was stage 1 effluent and, therefore, uncontrolled and dependent on stage 1 biological activity. At stage 1 influent Fe(II) concentrations of 100 and 500 mg of Fe(II) per liter, an increasing flow rate resulted in a linear increase in Fe(II) oxidation rate. The Fe(II) oxidation rate, however, was also dependent on the influent substrate concentration, with higher rates occurring in relation to high influent Fe(II) concentrations (Fig. 3) .
Although higher oxidation rates were associated with higher flow rates, efficiency of iron oxidation on a concentration basis is greatest at lower flow rates and lower influent substrate concentrations. The decrease in unit efficiency found at higher mass loadings resulted in increased effluent Fe(II) concentrations and, apparently, was keyed to flow rate (Fig. 4) .
A saturation relationship was evident between oxidation efficiency and influent Fe(II) concentration. The amount of iron oxidized increased with influent concentration regardless of flow rate. The effect of flow rate was not readily distinguishable at lower influent iron concentrations (<200 mg/liter). At higher influent iron concentrations, the highest oxidation efficiencies were associated with the lower flow rates. A similar, although more pronounced, effect was discerned when the concentration of iron oxidized was viewed in terms of bulk Fe(II) concentration instead of influent Fe(II) concentration.
The flow rate and influent Fe(II) concentration were returned to 0.6 liter/h and 100 mg/liter after completion of the final experimental run (2.1 liters/h, 500 mg/liter). No significant differences were found in RBC unit performance (Ho:D 
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Equation 8 predicts that the effluent substrate concentration, S1, will vary with influent substrate concentration, So, when K, P, A, and F are held constant. Variation in flow rate will change the value of P (i.e., [ixmaxYlX) for a given value of S1 (equation 4). The terms P'max and Ks of equation 4 are implicitly independent of flow; So and A, are independent of flow and unaffected by microbial activity. Therefore, at a given S and ,u, a variation in flow rate will cause a change in P. A flow-rate-induced change in P (at constant Sj) will result from change in the term XIY because FLmax is independent of flow rate. (10) or R = qX. In the present study, the values of R and X were measured; therefore, for a given observation, the value of q can be determined directly from the relationship q = RIX. The definition of q can be restated as q +Qlmax Si) y (11) To estimate the coefficients of equation 9, it was necessary to obtain a value for FLmax and FL for each q calculated from the observed values of R and X. The model of Pirt (equation 9) is a straight line derived from the relationship between q and ,u. Only the data obtained at influent Fe(II) concentrations greater than 30 mg/liter were used in the calculation of q and ,u owing to the difficulty in measuring X at low substrate concentrations. Using the principles developed by Pirt (18), we estimated the values of Yg, I.max', m', and ml from the plot of measured q(R/X) versus calculated pu (Fig. 7) . Figure 7 is a graphic presentation of equation 9 wherein the slope of the line is llYg -mi/'ImaX and the y intercept is ml + m'. The value of Yg can be estimated by adding the value of ,u, which corresponds to one-half the value of q at Rmax, to the value of .max, yielding p.max'. The value of Yg is the value of Y at p.max' taken as .max'/q. The value of m' can be calculated directly from the slope value when Yg and umax are known. The values obtained for Yg, m', and ml were 0.063 mg/mg, 0.078 h-1, and 0.154 h-1, respectively. The value of the maximum growth rate when maintenance energy is zero (lLmax') was also calculated, i.e., p.max' = umax + ml, and found to be 1.68 h-1.
The predicted value of q was calculated from equation 9 for a given value of ,u (and thus Sj) by using the estimates obtained for Yg, m', ml, and .max. 
DISCUSSION
Characklis and Trulear (2) distinguished three successive phases of growth in the development of a glucose-grown biofilm in an annular continuous-flow reactor: induction, accumulation, and plateau. The first phase, induction, involves the adsorption of organic molecules and bacteria onto a surface. After the initial colonization by microorganisms, a period of biofilm growth (accumulation) ensues until the plateau phase is reached. In the plateau phase, net increase in biofilm thickness equals zero; i.e., biofilm production is balanced by biofilm loss owing to fluid shear.
The present study was concerned with substrate utilization and bacterial growth during the plateau phase, in which a steady state existed for biomass production and substrate utilization. The restrictive environmental conditions of the present study, specifically low pH value (3.0), homogeneous energy source, and nature of the bacteria (iron-oxidizing acidophilic), permitted specific assessment of the kinetics of chemolithotrophic metabolism.
Additional noteworthy features that potentially influenced the kinetics of the attached bacteria were (i) the relatively dense layers of ferric oxyhydroxides, to which bacteria were attached, that covered the disks and (ii) the lack of an organic (gelatinous) slime layer of microbial origin adulterating the ferric oxyhydroxide layer. The apparent absence of a slime layer, in which microorganisms may be embedded, permitted the iron-oxidizing bacteria to be continuous with the aqueous phase; consequently, substrate diffusion through a slime layer was not a theoretical consideration in model development.
The biogeochemistry of iron transformation was an important theoretical consideration. Chemolithotrophic ferrous iron oxidation is a strictly energy-yielding reaction. Incorporation of ferrous iron into cell mass is insignificant when compared with iron utilization for energy production (6, 7); hence, cellular iron accumulation was not considered in the model development. Ferrous iron is stable at the low pH values involved (23) , and iron oxidation by chemolithotropic bacteria is proportional to growth (6, 7, 9) . Therefore, in the experimental systems oxidation was considered a reflection of bacterial metabolic activity. The site of major ferrous iron (9) . Under field conditions, diffusional resistance imposed by a slime layer may limit fixed-film iron oxidation rates. Depending on geographic location, disks of pilot-and prototype-scale RBC units treating acid mine drainage under natural conditions are often found covered with slime (16) .
Acid streamers consisting of bacteria embedded in fibrillar polymeric material and containing polysaccharides are common to mine drainage streams (4 (9) .
The high growth and Fe(II) oxidation rates obtained in the present study indicated a potential for high rates to occur in the natural environment. Whether such rates are achievable under natural conditions is unknown. Accessory nutrient limitation, changeable ambient environmental variables, inhibition, and symbiosis may influence the activities of ironoxidizing bacteria. The rate and extent of dissolution of the lithosphere (pyrite, chalcopyrite, etc.) may also be limiting in the natural environment.
Within the range of variables tested, it is anticipated that the relationships described herein are reflective of those occurring in certain natural microbial ecosystems. Applications of the model of Fe(II) oxidation include (i) the design of biological acidic mine drainage treatment facilities, (ii) the design of biological ferric iron regeneration facilities for use in biohydrometallurgical leaching of metal sulfide ores, and (iii) the prediction of Fe(II) rates and bacterial activity in metal leaching piles and acidic mine drainage streams.
The model presented was for growth and substrate utilization by a bacterial population unimpeded by diffusion or mass transfer. Although the model may not be directly applicable to systems limited by these processes, the population response of cells within such systems to the defined variables is likely to be similar.
